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ABSTRACT: Polycaprolactone (PCL) is a biodegradable polyester that is widely used in
blends with synthetic and natural polymers for various applications. PCL is blended
with biopolymers such as starch to improve its wet mechanical properties without
impairing the biodegradability and other useful properties of starch. In spite of its
importance, little is known about the interfacial tension of PCL blends. Indirect esti-
mates of the room-temperature interfacial tension of PCL blends using wettability
methods have been reported. However, direct measurements of the interfacial tension
of PCL blends have not been achieved until now, mainly because of the unsuitability of
existing equilibrium methods for measuring the interfacial tension of high viscosity
blends. We have measured the interfacial tension of PCL/PS blends using the imbedded
fiber retraction (IFR) method. The IFR is a dynamic method that allows for the
measurement of interfacial tension of high viscosity polymer blends in a relatively short
period of time. The interfacial tension of PCL/PS blends was measured from 160 to
200°C. In this temperature range, the interfacial tension of PCL/PS blends is indepen-
dent of temperature and has a value of 7.6 � 1.8 dyn/cm. © 2002 John Wiley & Sons, Inc.
J Appl Polym Sci 83: 3145–3151, 2002; DOI 10.1002/app.10178
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INTRODUCTION

Polycaprolactone (PCL) is a synthetic polyester
obtained by the self-condensation of the cyclic
ester �-caprolactone.1 PCL has unique properties
that make it attractive for biomaterials applica-
tions. Like most synthetic polymers, it has excel-
lent water-resistant properties. At the same time,
like most natural polymers, it has excellent bio-

degradability and biocompatibility properties.
These properties have made it possible for PCL to
be used in a variety of biomaterial applications
including drug release,2 medical devices,3 cell cul-
tivation/cell culture,4 and biodegradable packag-
ing materials.5

Manufacture of cost-competitive biomaterials
requires that PCL be blended with cheaper syn-
thetic and/or natural polymers. PCL is blended
with synthetic polymers to impart biocompatibity
and/or biodegradability.2 On the other hand, PCL
is blended with natural polymers, such as starch,
to improve their water-resistance properties
without impairing their biodegradability/biocom-
patibility properties.5 To obtain useful blends, it
is important that PCL be compatible with the
synthetic and or natural polymers with which it is
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blended. One of the factors that determine com-
patibility is interfacial energy.6 Various factors
influence the interfacial energy of polymer
blends, including the surface energy and other
properties of blend components.7,8

In spite of its importance, little is known about
the interfacial tension of PCL blends. Estimates
of the room temperature surface energy parame-
ters of PCL from wettability methods have been
reported.3,9–12 Other than an indirect estimation
of the room temperature interfacial tension of
PCL/starch blends using wettability methods,12

there are no reports of direct or indirect interfa-
cial tension measurements involving PCL blends
with synthetic or natural polymers. Direct mea-
surement of the interfacial tension of PCL blends
with synthetic or natural polymers have not been
achieved until now, mainly because of difficulty of
measuring the interfacial tension of high molecu-
lar weight and high viscosity polymer blends by
current equilibrium methods, such as sessile or
pendant drop methods. In this work, we used the
imbedded-fiber retraction (IFR) method13–16 to
overcome this limitation and determine the inter-
facial energy of PCL/PS blends. IFR is a dynamic
method that is particularly suitable for the mea-
surement of the interfacial tension of high molec-
ular weight and high viscosity polymer blends in
a relatively short period of time. IFR has been
used to measure the interfacial tension of several
polymer blends.13–16 The IFR method involves in-
terfacial tension measurement from the analysis
of the microscopic shape change of a fiber of one
polymer embedded in a matrix of a second poly-
mer.

Using the IFR method, the interfacial tension
of PCL/PS blends was directly measured for the
first time at 160, 180, and 200°C. The measured
interfacial tensions were then compared with that
calculated from the reported room temperature
surface energy parameters of PCL and PS. The
comparison showed the IFR measured interfacial
tensions of PCL/PS to be within the range of the
calculated values.

EXPERIMENTAL

Materials

Polystyrene samples (Styron 685D) and PCL
(PCL 787) were obtained from The Dow Chemical
Company and Union Carbide, respectively, and
used without further modification.

Fiber Fabrication

The PS fiber was produced at The Dow Chemical
Company with an Instron capillary rheometer,
which had been modified to run at low shear rates
to avoid orientation and die swell. Prior to fiber
fabrication, the PS materials were dried for 24 h
under vacuum (�10 mmHg) at 10°C above its
glass transition temperature. A temperature-con-
trolled die with a diameter of 0.10 mm was used
to extrude PS fibers of the same diameter at 200
� 2°C.

Matrix Fabrication

PCL films of 5 � 5 � 0.0625� were compression
molded on a Carver laboratory press (Wabash,
Indiana) equipped with a water-cooling system.
The films were then cut into 0.5� diameter discs
on a precision CO2 laser-cutting machine (Kern
Electronics & Lasers, Inc; Wadena, MN) for use in
IFR experiments. The discs were dried under vac-
uum at room temperature for at least 24 h prior to
use in IFR experiments.

Zero-Shear Viscosity Measurements

The zero-shear viscosity of the PS and PCL ma-
terials was determined with a Rheometrics ARES
Series IV dynamic mechanical spectrometer oper-
ating under Rheometrics Orchestrator 6.4.4 soft-
ware. The zero-shear viscosity of PS was obtained
as explained elsewhere.16 The zero-shear viscos-
ity of the PCL samples was measured using 25
mm parallel plate geometry. Frequency/tempera-
ture sweep experiments were performed in tem-
perature ranges 80–200, 140–200, and
80–120°C, with steps of 5°C, and a frequency
range of 0.1 to 100 rad/s, with data collected at 5
points/decade. As shown in Figure 1, PCL dis-
played a non-Newtonian behavior, and its zero-
shear viscosity at each temperature was obtained
by fitting the data to a Carreau model.17 These
computed zero-shear viscosities of PCL followed
an Arrhenius dependence on temperature, with
an activation energy of 3.56 � 0.06 kcal/mol. The
Arrhenius plot is shown in Figure 2. The values of
the zero-shear viscosities of PS and PCL samples
used in the IFR experiments are summarized in
Table I. The values for the PCL samples were
calculated using the activation energy already
given. The values for the PS sample have been
previously reported.16

Thermal Stability of Materials

The PS sample used in this study is stable over
the time, and temperatures of the IFR experi-
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ments and the procedure used to evaluate its
thermal stability have been described else-
where.16 The thermal stability of PCL was deter-
mined at 160, 180, and 200°C by examining the
magnitude of the complex viscosity as a function
of time with a Rheometrics ARES Series IV dy-
namic mechanical spectrometer equipped with
25-mm parallel plate geometry. The resulting ti-
me–viscosity profile showed an initial stable re-
gion followed by a region of sharp decrease in
viscosity. The durations of the initial stable re-
gions were � 5.5, 2.0, and 0.5 h at 160, 180, and
200°C, respectively, which are longer durations
than those of the IFR experiments at these tem-

peratures. Thus, PCL is thermally stable for the
duration of the IFR experiments at these temper-
atures. The effects of time and temperature on
the viscosity of PCL are illustrated in Figure 3.

The IFR Instrument

The IFR apparatus used in this work has been
described elsewhere.16 Its main components are
an oven for maintaining the sample at the re-
quired temperature to �0.1°C, an optical system
for viewing the sample, and a digital image re-
corder (Sony DKR700) for recording the retrac-
tion process. The digital still recorder can be pro-
grammed to record images at any interval be-
tween 30 s and 1 h.

Interfacial Tension Measurement

Latex gloves were used to handle fiber and matrix
materials during all manipulations. The fibers
were cut with a surgical scalpel into 1–2-mm-long
samples that were kept at 100°C under vacuum
for at least 24 h prior to use. The length and
diameter of the fibers were measured at room

Figure 2 Arrhenius dependence of zero-shear viscos-
ity for PCL.

Figure 1 Dynamic frequency/temperature sweep of
PCL (80–200°C).

Table I Zero Shear Viscosities of Polymers at
IFR Temperatures, P

Temp, °C PCL PSa

160 2.05 � 0.310 � 104 6.10 � 0.6 � 106

180 1.34 � 0.195 � 104 7.70 � 0.1 � 105

200 9.16 � 1.27 � 103 1.80 � 0.2 � 105

a From ref. 16.

Figure 3 Effect of temperature on the stability of
PCL at 160–200°C.
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temperature with a travelling microscope. The
fiber was then placed between PCL disks and
placed in the sample holder of the IFR oven. The
fiber was entombed in the matrix material at
20–40°C below the retraction temperature. After
the melt front had closed around the fiber, the
sample was annealed for few more hours to en-
sure the elimination of any residual stress that
might have been generated during fiber fabrica-
tion. After the annealing process, the oven temper-
ature was raised to the retraction temperature, and
the image of the fiber was recorded at a suitable
time interval until the fiber was completely trans-
formed into a sphere. The fiber dimensions were
then measured from the images as a function of
time and used to calculate the interfacial tension.

RESULTS AND DISCUSSION

The IFR Method

In the IFR method, a fiber of polymer A with an
initial radius of Re is imbedded in a matrix of
polymer B. The retraction of the fiber at the de-
sired temperature is monitored as a function of
time until the fiber is transformed into a sphere of
radius R0. From the retraction images, a shape
function, f(r), is calculated. A linear relationship
exists between the shape function f(r) and the
retraction time t as follows (eq. 1):

f�r� � f�re� � ��12/�R0�t (1)

where f(re) is the shape function at t � 0.

The interfacial tension, �12, is calculated from
the slope of f(r) versus t plot and the indepen-
dently determined zero shear viscosities of the
fiber and matrix materials at the retraction tem-
perature (eq. 2):

�12 � �slope��R0 (2)

where:

� � ��m � 1.7�f�/2.7

and �m and �f are the zero-shear viscosities of the
matrix and fiber, respectively. Details of the IFR
theory and derivation of the pertinent equations
are given elsewhere.13–16 As an example, a typical
f(r) versus t plot for a PCL/PS blend at 200°C is
shown in Figure 4.

Interfacial Tension of PCL/PS Blends from IFR
Measurements

The interfacial tension of PCL/PS blends was
measured at 160, 180, and 200°C. Four measure-
ments were taken at each temperature, and the
average of the four measurements � one stan-
dard deviation is shown in Figure 5. As shown in
Figure 5, the interfacial tension appears to de-
crease with increasing temperature. This result is
similar to observations on most polymer blends.7,8

However, when one takes into account the stan-
dard deviations, the interfacial tension could be
considered to be independent of temperature.
This lack of temperature dependence of the inter-
facial tension of blends is rare but has been ob-Figure 4 Typical f(r) versus t plot for PCL/PS blend.

Figure 5 Effect of temperature on the interfacial ten-
sion of PCL/PS blend measured by the IFR method.

3148 BIRESAW AND CARRIERE



served for a very small number of polymer blends.7,8

Another reason for the insensitivity of the interfa-
cial tension to temperature might be the relatively
narrow range of temperature used in this study.
The observed reduction in the average interfacial
tension shown in Figure 5 was within the mea-
surement error of the IFR method, which is in the
range of �20%. We were unable to increase the
temperature range of the experiment: below
160°C, the PCL did not sufficiently melt to con-
duct the retraction experiment, and above 200°C,
the retraction process was too fast to measure.

Interfacial Tension of PCL/PS Blends from Surface
Energy Parameters

The interfacial energy of polymer blends (�ij) can
be calculated from the known dispersive (�D) and
polar (�P) surface energy parameters of blend
components using the geometric mean (GM) or
harmonic mean (HM) expressions shown in eqs. 3
and 4, respectively7,8:

�ij � �i � �j � 2	�i
D�j

D
0.5 � 2	�i
P�j

P
0.5 (3)

�ij � �i � �j � 4	�i
D�j

D
/	�i
D � �j

D


� 4	�i
P�j

P
/	�i
P � �j

P
 (4)

where i and j are blend components; �i � �i
D � �i

P;
and �j � �j

D � �j
P.

Reported room temperature dispersive and po-
lar surface energy parameters of PS are 40.1 and

0.6 dyn/cm, respectively.7 Six sets of dispersive
and polar surface energy parameters have been
reported for PCL at room temperature using wet-
tability methods,3,9–11 and these values are sum-
marized in Table II. The interfacial energy of the
PCL/PS blend was calculated using the aforemen-
tioned surface energy parameters of PS with each
set of PCL surface energy parameters. The calcu-
lations were carried out using both the GM (eq. 3)
and HM (eq. 4) approximations. The results are
summarized and compared with measured values
from the IFR experiments of this work in Table II.

Examination of Table II shows that calculated
room temperature PCL/PS interfacial energies
were in the range 0.2–6.1 and 0.4–9.0 dyn/cm for
the GM and HM approximations, respectively.
The IFR measured value is 7.6 � 1.8 dyn/cm and
is independent of temperature in the range 160–
200°C. If we assume that the interfacial tension of
PCL/PS blend is independent of temperature all
the way to ambient temperatures, then the IFR
measured interfacial tension values will be in the
range predicted by both the GM and the HM
equations. However, it appears that the IFR mea-
sured values were closer to the high end of the
values from the HM than those from the GM
approximations.

CONCLUSION

PCL is a synthetic polyester obtained by the self-
condensation of the cyclic ester �-caprolactone. Its

Table II Comparison of IFR Measured Versus Calculateda PCL/PS Interfacial Energies

Temp, °C

PCL Surface Energy
Parameters, dyn/cm Interfacial Energy, dyn/cm

�D �P Ref. Calc, GMb Calc. HMc Meas, IFRd

Ambient 24.4 2.1 9 2.4 4.7
Ambient 32.1 2.0 9 0.9 1.6
Ambient 35.2 10.3 10 6.1 9.0
Ambient 37 7 10 3.6 5.5
Ambient 41.9 6.4 3 3.1 4.8
Ambient 45.2 0.3 11 0.2 0.4

160 8.8 � 1.8
180 7.7 � 2.4
200 6.5 � 1.1

160–200 7.6 � 1.8

a PS surface energy parameters (from ref. 7), dyn/cm: �D � 40.1, �D � 0.6.
b Geometric mean (eq. 3).
c Harmonic mean (eq. 4).
d This work, by the imbedded fiber retraction method.
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excellent water-resistant, biodegradability and/or
biocompatibility properties has made it possible
for PCL to be used in a variety of biomaterial
applications, including drug release, medical de-
vices, cell cultivation/cell culture, and biodegrad-
able packaging materials. Manufacture of cost-
competitive biomaterials requires that PCL be
blended with cheaper synthetic and/or natural
polymers. However, to obtain useful biomaterial
blends, it is important that PCL be compatible
with the synthetic and or natural polymers with
which it is blended. One of the factors that deter-
mine compatibility is interfacial energy, which is
a function of various parameters, including the
surface energy and other properties of blend com-
ponents.

In spite of its importance, little is known about
the interfacial tension of PCL blends. Other than
an indirect estimation of the room temperature
interfacial tension of PCL/starch blends using
wettability methods, there are no reports of direct
or indirect interfacial tension measurements in-
volving PCL blends with synthetic or natural
polymers. Direct measurement of the interfacial
tension of PCL blends with synthetic or natural
polymers has not been achieved until now, mainly
because of difficulty of measuring the interfacial
tension of high molecular weight and high viscos-
ity polymer blends by currently available equilib-
rium methods, such as sessile or pendant drop
methods. This problem has now been overcome
with the use of the IFR method. IFR is a dynamic
method that is particularly suitable for the mea-
surement of the interfacial tension of high viscos-
ity and high molecular weight polymer blends in a
relatively short period of time. IFR has been used
to measure the interfacial tension of several poly-
mer blends. The IFR method involves interfacial
tension measurement from the analysis of the
microscopic shape change of a fiber of one polymer
embedded in a matrix of a second polymer.

In this work, the IFR method was used to di-
rectly measure, for the first time, the interfacial
tension of PCL/PS blends at 160, 180, and 200°C.
The interfacial tension at each temperature was
obtained from the average of four measurements.
The result showed the average interfacial tension
decreasing with increasing temperature, which is
typical of most polymer blends.7,8 However, when
one takes into account the standard deviations,
the interfacial tension becomes independent of
temperature in the temperature range studied,
with a value of 7.6 � 1.8. This lack of temperature
dependence of the interfacial tension of blends is

rare but has been observed for a very small num-
ber of polymer blends.7,8 Another reason for the
insensitivity of the interfacial tension to temper-
ature might be the relatively narrow range of
temperature used in this study. The observed re-
duction in the average interfacial tension was
within the measurement error of the IFR method,
which is in the range of �20%. We were unable to
increase the temperature range of the experi-
ment.

The interfacial tension of PCL/PS was also cal-
culated from the reported room temperature dis-
persive and polar surface energy parameters of
PS and PCL. These values for PS were 40.1 and
0.6 dyn/cm, respectively. However, six sets of dis-
persive and polar surface energy parameters have
been reported for PCL. The calculations were car-
ried using the aforementioned surface energy pa-
rameters of PS with each set of PCL surface en-
ergy parameters by the geometric mean (GM) and
harmonic mean (HM) approximations. The result
shows that calculated room temperature PCL/PS
interfacial energies were in the range 0.2–6.1 and
0.4–9.0 dyn/cm for the GM and HM approxima-
tions, respectively. The IFR measured interfacial
tension values of 7.6 � 1.8 dyn/cm, assuming it to
be independent of temperature all the way to
ambient conditions, are in the range predicted by
both the GM and the HM equations. However, it
appears that the IFR measured values were
closer to the high end of values from the HM than
that from the GM approximations.
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